World energy demand is straining energy supplies and spurring the search for alternative energy sources -especially transportation fuels. Ethanol produced from cellulosic feedstock has been called a 'second-generation' biofuel. (Ethanol made from maize and sugarcane represents a 'firstgeneration' biofuel.) When choosing a cellulosic species for fuel production, one must consider the type of fuel desired, the economics of producing the crop on a large scale, the system's energy balance and environmental effects. With suitable conversion technologies, cellulosic materials from maize, eastern gamagrass, giant reed (fibre cane), Miscanthus, reed canarygrass, sorghums, sugarcane and switchgrass might be used to produce biofuels in the USA and other non-arid, subtropical or temperate locations. Each of these species has characteristics that make it more or less suitable in particular situations. Because of generally reduced input requirements, perennial species might be favoured. Biofuel production systems can mitigate greenhouse gas (GHG) emissions by offsetting fossil fuel use and by sequestering carbon into the soil. The amount of GHG reduction depends on crop yields, conversion efficiencies, and net energy and carbon balances associated with each feedstock source.
Reports on alternatives to fossil fuels -especially petroleum -often begin with a dismal litany: the depressing dynamic between energy demand and supply, fragile geopolitics made more perilous by nations' dependence on petroleum, and impending climate change caused by increased emissions of CO 2 . In the first two decades of the twenty-first century, global demand for oil is projected to increase by 50-70% (to 13.4 billion litres/day) [1-4]. Yet 'peak oil' (the point at which the maximum rate of global petroleum extraction is reached) is imminent, if not already upon us [5] . Modern economies are tied to the mobility that petroleum provides in the form of gasoline, diesel and jet fuel. Renewable, less-polluting transportation fuels are urgently needed. Energy crops have the potential to help meet that need [6, 7] .
Transportation fuels derived from biological materials include ethanol and biodiesel. Ethanol or 'grain alcohol' can be blended with gasoline or it can be used solely (neat alcohol) to power internal-combustion engines. Biodiesel, which can readily be made from oily seeds, such as soybean (Glycine max) and canola (Brassica rapa), has properties that allow it to serve quite ably as a fuel in compression-combustion engines. Such plant-based biofuels can help blunt an 'energy crisis', while simultaneously reducing CO 2 emissions. Indeed, both ethanol and biodiesel are already being employed on a modest scale to power transportation (Table 1) . In this review, we shall focus only on ethanol.
Ethanol is readily made from starchy seeds, tubers, or roots of plants such as maize (Zea mays), barley (Hordeum vulgare), wheat (Triticum aestivum), rice (Oryza sativa), potato (Solanum tuberosum), sweet potato (Ipomea batatas), cassava (Manihot esculenta), Jerusalem artichoke (Helianthus tuberosus), etc. and from the sugar-rich stems and roots of sugarcane (Saccharum officinarum), sweet sorghum (Sorghum vulgare), and sugar beet (Beta vulgaris). Indeed, the basic technology for making ethanol from such crops is centuries old. As such, ethanol fuel made from these sources is often referred to as 'first-generation' [9] . The USA has been using fuel ethanol made from maize grain increasingly (Figure 1 ), especially since 2002 [5] ; and Brazil has built their transportation infrastructure even more extensively on ethanol made from sugarcane [12] . In 2007, nearly 25 billion litres of ethanol were blended with gasoline in the USA, constituting almost 5% of the country's transportation fuel use [13] . A Renewable Fuels Standards ruling issued by the US Environmental Protection Agency (USEPA) has committed the USA to producing 136 billion litres of ethanol annually by 2022 [13] . That is a many-fold increase from current levels but still well below a goal of 227 billion litres by 2050 [13] .
Making fuel ethanol from sugar and grain crops expanded very quickly in the first decade of the twentyfirst century [14] (Table 2 ). Brazil and the USA have led in ethanol production and use, accounting collectively for 70% of global production and nearly 90% of ethanol fuel use [12] . That output has been supported largely by diverting or expanding the production of maize and sugarcane.
While ethanol is obtained most easily from fermentation of simple sugars and starches found in traditional crops, it can also potentially be produced from the biomass and residues of any plant species: basically from hay, straw, wood, etc. However, we cannot overemphasize the fact that the technology for transforming cellulosic Table 1 Volume produced, costs, market price of fossil fuel (versus biofuel), CO 2 emissions (plus percent CO 2 reduction from strictly fossil-fuel-based systems) and energy input : output ratios of biofuel from various sources compared with gasoline and diesel [8] Biofuel type and source Annual production (10 9 Ratio of fossil-fuel energy used to make the biofuel compared with energy in the product. 2 Production from canola in Germany. 3 Germany retail price in June 2007. 4 Percent reduction based on a 2.81 kg/l emission for diesel. 5 Includes warm-season grasses, agricultural residues and forestry residues and employs technologies not yet commercialized (and therefore no market prices are available). 6 Percent reduction based on a 2.45 kg CO 2 /l emission for gasoline. 7 Efficiency (ratio) depends on the technology and type of feedstock used. 8 US production in 2006. 9 US retail price in July 2007. 10 Brazilian production in 2006. plant biomass into biofuels is much more complex than making ethanol from sugar and starch. Indeed, no method for making biofuels from cellulose-rich biomass has been proven commercially as the time of writing. The US Department of Energy (USDOE) has funded six pilotscale, or demonstration, cellulosic ethanol plants, which should be operational by 2012, and others are being built as well [15] . Over 20 commercial cellulosic ethanol plants have been reported to be 'under development' within the USA [10] . Cellulosic ethanol, a 'secondgeneration' biofuel, may hold greater promise than 'firstgeneration' biofuels with regard to CO 2 emissions and net energy ( Table 1 ). Systems that might make biofuels from cellulosic feedstocks are sometimes referred to as biomass-based or simply biomass systems, since they use above-ground plant materials in their entirety ( Figure 2 ). That feedstock biomass is also often described as cellulosic, or lignocellulosic, to emphasize its predominant chemical components.
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A bioenergy production system, with a biorefinery as its central processing point, can be visualized as a semi-closed loop, particularly with regard to carbon flow ( Figure 2) . The degree to which a system can be considered as a closed loop is determined partially by how few external inputs (besides the 'free' inputs of sunlight and rainfall) must come into play. To be sustainable, biofuel systems clearly must yield more usable energy than is put into the fuel's production. Such a positive net energy balance or energy ratio (Table 1) is not automatically achieved, though; poorly designed systems can require more fossil energy input than renewable energy output. Likewise, reduced net greenhouse gas (GHG) emissions (Table 1) are not automatically achieved. The amount of GHG reduction will be a function of yields, inputs and technological efficiencies; but with a well-designed, wellmanaged system, biofuel enterprises can reduce overall fossil fuel consumption and GHG emissions. They might simultaneously improve soil quality by increasing organic matter (while sequestering carbon) and reducing erosion [17] .
Sustainable production of bioenergy is closely linked to the type of biomass or feedstock that is used. Each feedstock species generally has advantages and disadvantages in terms of net energy output, where it can be grown, inputs required, natural resources (land and water) used, management needed and available market (competition with food). Ideal bioenergy crops would be high yielding (maximizing dry matter production per hectare) and pest and drought resistant. They also would require relatively low inputs of energy, management and nutrients [18] [19] [20] .
When suitable conversion technologies become available, 1 billion Mg of biomass would be needed annually to produce enough biofuel to replace 30% of US petroleum consumption [4, 21] . Potential sources for some of that volume of biomass include the residues from conventional crops (maize, rice, soyabean, sugarcane, wheat, etc.) and from forestry and milling operations [22, 23] . To obtain much of it, though, we would have to employ 'dedicated' energy crops, species that are planted for the express purpose of harvesting their biomass to serve as a biofuel feedstock. Some of the warm-season, perennial grasses are being touted especially as energy crops because of the volume of lignocellulosic material they can produce. Energy crops also can include short-rotation woody species (e.g., willow and poplar), but we shall focus here on herbaceous (non-woody) species that might serve as biomass crops.
When employed in a well-designed system, energy crops have the potential to become sustainable renewable energy sources. The projected (second-generation) or proven (first-generation) biofuel yields and the estimated reductions in CO 2 emissions suggest energy crops can play a significant role in improving energy supplies while reducing environmental effects of conventional energy sources (Table 3) .
A question that arises is whether we have enough land available (or can produce sufficient feedstock on the land that is truly available) to produce a significant amount of biofuel. Worldwide, approximately 385-472 million ha of abandoned agricultural land (pasture and crop) could hypothetically be used for growing energy crops without diverting land from current food/feed production [28] .
Strategically, the highest yielding, most sustainable energy crops would be grown on land not already being used for other purposes or on marginal land. In the USA, most agricultural land has the potential for producing energy crops (Table 4) , but how much of that land could sustainably and ethically be diverted from current uses is unclear. Some estimates indicate 22.3 million ha of US cropland, idle cropland and cropland in pasture could be needed for biomass production in 2030 [30] . In one study, the US Department of Agriculture (USDA) suggested that 10-15 million ha of herbaceous energy crops could produce over 455 million Mg of biomass annually [29] . In another major report, the USDA and USDOE estimated that, by 2030, 1.3 billion Mg of biomass could be produced annually for bioenergy [23, 31] . That amount of biomass feedstock could provide for 30% of transportation fuel needs by 2030 (commonly known as a '30 by 30' scenario). Those billion-tonne projections assume significant increases in productivity over current averages, collection of large amounts of crop residues, utilization of forestry biomass and residues, and, of course, development of suitable technologies for large-scale conversion of cellulosic biomass to biofuel. Table 3 Range of projected ethanol yields and reductions in GHG emissions (versus an all-petroleum economy) for first-(1st) and second-(2nd) generation biofuel sources [24] ; [25] ; [26] ; [27] Exludes special uses such as farmsteads and farm roads. Includes maize, soybean, sorghum, oats, barley, wheat, cotton, rice, alfalfa and other hays. 3 Excludes land in forest, parks and other special uses.
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Besides proving conversion technologies that will work at that large scale, many other constraints remain for biomass-based fuel systems [20] . The challenges include: identifying the energy crops; optimizing systems to protect soil, water and air quality; developing agronomics for energy crops; developing production logistics; and designing systems that maintain feedstock supply while increasing grower profitability and environmental benefits [30] . In addition, many potential bioenergy crops would benefit from enhanced breeding, testing and selection to incorporate desired traits and adaptability [32] , and much more analysis is needed to assess the impacts of bioenergy development on the US agricultural system, land use, rural communities and the environment [20] .
The list of crops that might be used for bioenergy is large, and their management for such purposes varies with species and locale. Therefore we shall not offer an exhaustive coverage of species and their management. Rather, the rest of this paper will describe general management characteristics and energy-related attributes of several herbaceous energy crop candidates. We shall discuss a few species that have received considerable attention, and we shall also bring in some that are just beginning to be looked at as energy crops. It is hoped that readers can use this information to make comparisons with other species of interest.
Herbaceous Biofuel Feedstock Candidates
Biofuel production systems have been loosely and conveniently categorized as first-or second-generation. Firstgeneration systems employ traditional food and feed crops to a non-traditional end. Thus, maize grain is diverted from its conventional usages and becomes a feedstock to make ethanol for fuel. Similarly, sugarcane is grown for its readily extracted sugar, but then the sugar is used to produce ethanol for fuel. We shall discuss these and some related first-generation feedstocks below.
Second-generation, or biomass, or cellulosic, biofuel systems are characterized by employing crops that are grown to produce lignocellulosic biomass for conversion into ethanol or other biofuel forms. The lignocellulosic residues of some first-generation crops (stover from maize, straw from small grains, bagasse from sugarcane or sweet sorghum, etc.) may also be used for their biomass-to-biofuel value. We shall discuss several secondgeneration energy cropping systems below. It is important to note again, however, that (at time of writing) the conversion technologies for second-generation systems are still in development. (Tables 1 and 2 ). The USA is the largest maize producer (44% of global production), with 20% of that output currently directed to ethanol production [33] (Table 5 ). In 2004, the USA produced a thenrecord 12 billion litres of ethanol from maize, using about 12% of its Maize crop and satisfying about 1.2% of its automotive fuel demand [34] . In 2007, the 17 billion litres of ethanol made from maize contributed approximately 3.5% of the volume and 2.5% of the energy equivalent of US gasoline consumption [35] . Production has been projected to reach 58 billion litres by 2015 [36, 37] . Before the current economic recession, it was predicted that, by 2010, land devoted to maize production in the US Corn Belt (Illinois, Indiana, Iowa, Kansas, Missouri and Nebraska) could reach 16 million ha, with perhaps 24% used for ethanol production [35] .
Ethanol is produced from maize grain through two different processes: dry or wet milling. The main difference between the two is the initial treatment of the grain. In dry milling, which is the more common process, the dry grain is ground to meal, which is then heated in water to liquefy the starch. An enzyme is introduced to hydrolyse the starch to sugar [38] , and then yeast is added to ferment the sugar into ethanol and CO 2 . The CO 2 can be captured for the production of carbonated drinks and Table 5 Comparison of ethanol production in the USA (maize-based) and Brazil (sugarcane-based) [5, 25] Percent of total feedstock devoted to ethanol production. 5 Cost of production includes transportation cost. 6 Ethanol consumption dedication to transportation in each country of production.
dry ice [39] , and the non-starch grain residues can be marketed for animal feed as 'distillers' dried grain with solubles' (DDGS). In wet milling, the fibre, oil (germ) and protein contents are separated from the starch (endosperm) in an aqueous medium before starch hydrolysis and fermentation are initiated. With either dry or wet milling, maize is a relatively low-cost source of starch that can easily be converted into sugar, fermented and distilled [37] . Tables 5 and 6 suggest maize is currently a lowercost feedstock for ethanol production when compared with its chief rival, sugarcane. But ethanol production from maize is not considered particularly efficient by many, since producing maize is energy-intensive, using fossil fuels in almost every step of production. Maize requires more fertilizer (especially nitrogen) and pesticides than many other crops, affecting its energy balance [41] . Table 5 suggests net energy gain with ethanol from maize is considerably less than with sugarcane. In addition, maize can require upwards of 100 cm of water annually, and about 15% of US maize is irrigated [42] . The average US yield of maize is $8.6 Mg grain/ha [26, 43] . Assuming that 25 kg of maize grain produces about 10.6 litres of ethanol (metric equivalent of 1 bushel yields 2.8 US gallons) that average grain yield translates to $3650 litres/ha [44] . By some estimates, using ethanol produced from maize grain offers a 10-20% reduction in GHG emissions when compared with petroleum fuels [8] .
Maize stover (residues of stalks, husks and cobs) has the potential to contribute substantially to the biofuel pool when suitable conversion technologies for turning cellulosic biomass into biofuel are developed (Table 7 ) [46] . Residues constitute about 50% of the crop biomass, and they are readily available in maize production areas [47, 48] . By some estimates, maize stover could supply as much as 25% of the biomass needed to meet cellulosic ethanol goals by 2030 [49] . Its quality and potential for ethanol production are considered comparable to switchgrass and wheat straw (Table 8) .
Several issues need to be resolved before large-scale use of maize stover for biofuel production might become feasible. Biorefineries would have to be located within relatively close proximity (about 80 km) to fields from which the stover is to be collected, or transportation costs can make the enterprise unprofitable [48] . The 'window' for harvesting stover will be rather narrow in most places; if it is not removed from the field within a few weeks, its feedstock value can be lost and/or weather conditions may make harvest impractical. The requirements for dry storage of large volumes of the material prior to processing could be cost-prohibitive [20] . The soil-conserving and soil-improving properties of the residues would be lost if harvested. The stover's lignin content can adversely affect the enzymes involved in some conversion processes [51] . After maize stover has been processed to produce ethanol, the remaining residue is about 70% lignin [52] . Breeding can reduce lignin content; however, low-lignin lines are generally less productive [51] .
In summary, maize is by far the largest source of ethanol produced in the USA; and it is, by a narrow margin, the world leader. For a variety of reasons, though, it is perhaps serving (and should be serving) only an interim or 'jumpstart' role for a biofuel industry that will eventually be based on crops that do not pose some of the limitations that maize presents [20] . [12] . With its year-round growth, sugarcane is relatively efficient in capturing the sun's energy and converting it into biomass. Sugarcane can retain up to 2% of the energy falling on land dedicated to its production, while generating >55 Mg biomass/ha/yr [53] . Brazil, with its tropical climate and regions of high rainfall, is the world leader in sugarcane and sugarcane-ethanol production. Much of its almost 386 million Mg annual production of cane is turned into ethanol (Tables 2 and 5 ) [12] . Sugarcane production typically involves additions of 134-180 kg nitrogen/ha/yr, depending on the soil type [54] .
In the USA, sugarcane is grown in Florida, Hawaii, Louisiana and Texas; and the USA now produces about 3.5 million Mg of cane annually [40] . New lines that are more cold-tolerant are expanding sugarcane production in the USA to areas farther from the Gulf coast [55] . In addition, three new high-biomass 'energy canes' were released in 2007: including one high-fibre/low-sucrose variety and two high-sucrose/high-fibre varieties [56] . In the southern USA, these lines can produce 10.5-14.8 Mg sugar/ha and another 13.0-20.8 Mg dry fibre or bagasse/ha annually [56] . Suszkiw [56] suggests that using an estimated ethanol yield of 521 litres/Mg sugar and 292 litres/ Mgfibre, these 'energy canes' could produce 5470-7711 litres ethanol/ha/yr from sugar and 3796-6073 litres/ha/yr from fibre [56] . In another setting, Uppal et al. [57] reported a mean yield of 10.4 Mg bagasse/ha among six sugarcane cultivars and an alcohol production potential from the bagasse of approximately 5776 litres of ethanol/ha. The path and fate of the dry matter in mature sugarcane destined for a modern multi-purpose sugar mill/ refinery are illustrated in Figure 3 . About one-third of the biomass is in leaves and stem tips that will be burned and/ or left in the field. Of the two-thirds that will go to the mill, sucrose accounts for almost half (on a dry-weight basis). Crushing releases the sucrose-rich juice that can be processed into sugar and molasses, which can in turn be fermented to ethanol. The bagasse that remains from crushing represents about 35% of the mature cane's biomass [59] . In such a system, producing 1 Mg of sugar requires approximately 7.7 Mg cane (fresh weight), and crushing 1 Mg cane can yield approximately 270 kg of bagasse (at 50% moisture) [60] .
In many of Brazil's sugar/ethanol refineries, bagasse is burned to provide heat for distillation of ethanol and for generation of electricity, i.e., biopower [61] . Using heat and electricity generated by burning bagasse can reduce the cost of sugar and ethanol production and simultaneously reduce fossil-fuel CO 2 emissions [62] . A mediumsize sugar refinery/distillery that processes 1 million Mg Forecasts 34 M harvested ha from 37 M planted ha based on planting assumptions of 35 M ha. These acres were adjusted upwards to reflect current maize prices and the development of maize hybrids making more acres economically attractive for maize production. Assumes 0.41 litre of ethanol per kg of maize for current dry milling production and 0.37 litre of ethanol per kg of maize for current wet mill production. Assumes a constant 4.9 BL of ethanol production from wet milling over time. Assumes 0.49 litre of ethanol per kg of maize for future dry milling production (including maize kernel fibre and high-starch hybrids conversion). 5 Assumes 0.29 kg/kg of animal feed from wet and from dry milling production. 6 Utilized laboratory results of 95% yield from glucose sugars and 85% yield for 2015. 2020 presumes C 5 sugars are incrementally converted at 85% yield [46] . Table 8 Energy flow in producing ethanol from switchgrass and crop residues (maize stover and wheat straw) under irrigation [50] Energy flow Crop Maize stover Switchgrass
Wheat straw Based on crop production budget data from [33] . Production includes all energy costs: machinery, chemical inputs, harvest and fertilizer.
cane/yr could sell about 5 MW of surplus electricity and earn $$18 million from sugar and ethanol production and another $$1 million from surplus electricity [63] . Bagasse burning is considered more environmentally benign than using oil and coal. Its ash content is only 2.5% (compared with 3-5% for coal), and it contains essentially no sulphur [64] . It also produces fewer nitrous oxides, since it burns at lower temperatures [65] . Using only its readily fermented sucrose, sugarcane can produce more ethanol per hectare than can be produced from maize grain (Table 5 ). Ethanol yields from systems exhibiting average yields and where all of the available cane sucrose (but not bagasse) is converted to ethanol would produce about 6796 litres of ethanol/ha [25] . In Brazil, feedstock costs account for 58-65% of the cost of ethanol production; so the commercial viability of ethanol is critically dependent on the cost of cane production [24] , as well as the cost of competing fossil fuels. Sugarcane has a better net energy balance compared with maize [25] (Table 5) .
One of the peculiarities of sugarcane as either a sugar or fuel crop is that it has to be processed within 48 h of harvest. If it is not, more complex sugars begin to form: sugars that are not as readily processed or fermented [66] . This problem is generally avoided by harvesting the cane on an 'as needed' basis. If necessary, mature cane can remain uncut in the field. Furthermore, it is possible (in areas that have a 365-day growing season) to stage plantings so that there can be a continuous supply of recently matured cane.
Sorghums (Sorghum vulgare): A Multi-Form, Multi-purpose, First-and Second-Generation Energy Crop
Sorghum is a highly variable species (with grain, forage and sweet types) that can be used to produce first-generation ethanol, cellulosic ethanol or biopower. Sorghums are attracting interest as bioenergy crops because of their versatility, their relative drought and heat tolerance, and their ability to grow on land not suitable for many other crops. As do maize and sugarcane, sorghums employ the C 4 photosynthetic pathway and are particularly well suited to warmer climates; but the sorghums are notably more drought-tolerant than maize or sugarcane. They can typically produce as much or more biomass than maize, while using 33% less water [21] . The sorghums can be grown on soils ranging from heavy clays to light sands, with a pH above 5.8 preferred [67, 68] .
The specifics of the bioenergy system in which sorghum is to be employed would dictate which form is planted and the management to be used in its culture. Some types can be used as a dedicated bioenergy crop, where both the sugary juice and the starchy grain are used for ethanol production [69] [70] [71] ; or the grain could be harvested for human or animal consumption and the sugars from the stalks fermented into ethanol [72] . In the right environment, forage sorghums can be harvested multiple times as a biomass crop [73] . With average yields of 24 Mg biomass/ha, sweet or forage sorghums could serve as cellulosic feedstock for >9000 litres ethanol/ha (at theoretical Figure 3 Sugarcane processing for sugar and ethanol production in a modern multi-purpose sugar refinery (assumes no cellulosic ethanol production) [58] ethanol yields of 380 litres/Mg biomass) [74, 75] . The sweet sorghums, or sorghos, can also be handled much like an annual, temperate version of sugarcane; after harvest, their sugar-rich juices are extracted for ethanol production, and then the bagasse can be used as a cellulosic ethanol feedstock or for biopower. Even within a location and year, the yields of sweet sorghums vary with cultivar (Table 9 ) and harvest management (Figure 4) .
Sorghums could be an ideal feedstock for production in the Southeast and Southwest USA. Sorghum has historically been grown extensively as a grain crop in the Southwest [78] . The USA is the world's leading grower of grain sorghum, with nearly 9 million Mg of grain harvested annually (Table 10 ). Approximately one-quarter of current US grain sorghum production is used to make ethanol with estimated average yields of 1608 litres ethanol/ha in dryland systems [80] . In typical grainproduction systems, much of the biomass is simply left in the field. It has been estimated that as much as 53 million Mg of grain sorghum stover could be captured annually to serve as a feedstock for cellulosic ethanol [81] . At theoretical ethanol yields of 380 litres/Mg biomass [74, 75] , that would represent 20 billion litres/yr of secondgeneration biofuel. Some new sorghum varieties, such as those with the brown midrib gene, have lower lignin content, which could make them even more suitable for cellulosic ethanol production [81] .
In the USA, most sweet sorghums have historically been grown on fairly small acreages and used to make syrup for cooking or livestock feed [82] , but they are potentially more energy efficient for first-generation ethanol production than other sorghum types, since their content of non-structural carbohydrates is higher (Table 11 ). The non-structural carbohydrates are mostly simple sugars: mainly sucrose [3, 83, 84] . Sweet sorghum juices typically contain 2.5-13% readily fermented sucrose [85] , but Xiaorong et al. [86] reported sweet sorghums with juices containing 16-18% fermentable sugars. Figure 4 Comparison of maize (corn, one harvest) and sweet sorghum for potential ethanol production when sorghum is grown under different harvest systems in the southern USA. Ethanol is being produced from the juice and the bagasse [77] Cellulose Hemicellulose Forage  277  295  205  Grain  222  293  263  Sweet  364  263  200 Wortmann et al. [87] calculated that sweet sorghum's ethanol equivalent yields (EEY (litres ethanol/Mg sugar)) were 19-78% higher than maize or sorghum grain. Ethanol equivalent yields were calculated from total sugar yields as 1.44 kg of sugar/litre of ethanol. They estimated a net energy gain of 3.8 J output/J input of fossil fuel energy for sweet sorghum. Their comparable value was 1.6 J output/J input for both maize and grain sorghum. In similar analyses, making ethanol from sweet sorghum juice has been shown to provide four times the net energy gain (J of bioenergy produced minus J of fossil energy consumed in the production of the biofuel) of maize-based ethanol and approximately 8 units of biofuel energy for every unit of fossil-fuel energy used in its production [77, 85] . As of this writing, the $0.46 cost of producing 1 litre of ethanol from sweet sorghum grain plus juice was lower than that from maize ($0.56) or sugarcane ($0.58) [86] . Based on typical recommendations and common economic criteria, production costs are about 25% lower per hectare for sweet sorghum than for maize [88] . Some challenges of using sweet sorghum for biofuel are its nitrogen requirement and short harvest season. Sweet sorghum is responsive to nitrogen applications (Table 12) ; the nitrogen requirement can range from 70 to 156 kg/ha, depending on yield goals and harvest management [67, 68] . Under temperate conditions, sweet sorghums accumulate sugars in their stems most rapidly under high temperatures and short days near the end of the growing season [89, 90] . The stems cannot withstand hard freezes. The crop must be harvested before frost occurs, with limited potential for storing stems once they have been harvested. As with sugarcane, the sugars in the stems can degrade quickly after harvest [91] , which creates the need for biorefineries with capacity to deal with great volumes in a short time. Such biorefineries would have to be 'multivalent' -able to use other feedstocks for a majority of the year; since economics would demand that such facilities/investments are not allowed to sit idle for extended periods.
----------------------------g/kg---------------------------
As with sugarcane, the bagasse that remains after expressing the sugary juice from sweet sorghums can be burned to generate biopower. Alternatively, the bagasse could serve as a lignocellulosic feedstock when the technology for cellulosic ethanol production becomes viable on a commercial scale. The data in Figure 4 are based upon the assumption that ethanol is being produced both from the juice (first-generation) and from the bagasse (second-generation).
Switchgrass (Panicum virgatum): A Perennial Cellulosic Candidate from the New World
In the USA, research on herbaceous biomass crops during the last two decades has focused heavily on switchgrass [92] . Switchgrass is a fast growing, perennial, warmseason, C 4 grass that occurs naturally from Canada to Central America [93] . Attributes of the species that make it desirable for a bioenergy crop include its demonstrated high productivity across many environments, suitability for marginal and erosive land, relatively low water and nutrient requirements, positive environmental benefits and net energy yield [94] [95] [96] . It is excellent for erosion control and soil improvement because of its extensive, deep root systems and fine-root turnover [97] , which also provides for carbon sequestration and soil stabilization [17] .
Switchgrass occurs in two 'forms' or ecotypes: upland and lowland. The two forms differ in gross morphology to such an extent that they might not seem to belong in the same species [92] . The upland types tend to be somewhat shorter, more sod-forming, more northern in their origin and more cold-tolerant; while the lowland types tend to be taller, coarser and more productive when grown sideby-side with the upland types (in areas where both can over-winter successfully) [92] .
Our coverage of switchgrass and the remaining energy crop candidates is going to be somewhat different than we Table 12 Biomass yield responses to N for four herbaceous energy crops at three US locations [3] Location N (kg/ha) Crop Sorghum Switchgrass Corn Forage Sweet Switchgrass is efficient (even 'thrifty' relative to many crops) in its use of nutrients [92] . Fertilization is generally not recommended during the establishment year, primarily to minimize weed competition [98] . The amount of nitrogen required by a fully productive switchgrass crop is a function of yield and management practices [99, 100] . As with any crop, the goal should be to replace the nutrients removed in the harvest and maintain available levels of key nutrients. Recommendations of around 50 kg nitrogen/ ha/yr are predicated on taking one harvest in late autumn (after nutrients have been translocated to the root system or leached from standing, dead biomass) [101] . If harvests are taken when the biomass is pre-senescent, more nutrients are removed and higher rates of nutrients would need to be applied [100] . Considered in another way, senescent switchgrass biomass is $0.5% nitrogen; as long as nitrogen is supplied at $5 kg nitrogen/Mg senesced biomass removed, available-nitrogen levels can be maintained [100] . [101] concluded that the nitrogen a switchgrass crop requires could be applied as infrequently as every 3 years in Virginia. Phosphorus and potassium should generally be applied based on soil test recommendations, with additions designed to maintain levels in a range considered 'medium' for maize production [100] . Switchgrass tolerates acid and alkaline soils within a range of pH 4-8 and will not require lime under typical production conditions [102] .
---------------------------------------Biomass (Mg/ha)---------------------------------------
Switchgrass stands can persist up to 10 years or longer [103] . Switchgrass often takes 3 years to achieve its full yield potential [104] . Yields in the establishment year can be 20-35% of mature yields and in the second year may be 60-75% of mature yields [105] . Switchgrass resists lodging [106] and can be harvested anytime after senescence and before shoot emergence the following spring, if soil conditions permit harvest [107] . As noted above, postponing harvests till late fall increases nutrient translocation to the root system, decreasing nutrient requirements [101] .
Switchgrass has potential for use as a biofuel feedstock partially because it is productive under a wide range of conditions (Table 13 ). In research plots, switchgrass has occasionally produced 22-33 Mg/ha/yr [2] . However, on a commercial scale, it is probably more reasonable to expect 11-22 Mg/ha [103] . Both lowland and upland switchgrass lines reveal substantial genetic diversity. Within the USA, Alamo is a well-adapted lowland cultivar for the Southeast (11-16 Mg/ha/yr) [109] ; Kanlow is broadly adapted to the mid-Atlantic [108] ; Cave-in-Rock is an upland type suitable for major portions of the upper Midwest [106] ; and other, hardier upland cultivars are used in more northern areas [110] .
The most important economic considerations for any energy crop are yield, production costs (to include land costs), competing uses and the price of competing feedstocks [111] . Maintaining high yields and keeping costs low will result in the best economic returns in switchgrass production and management [112] . Table 14 shows a comparison of switchgrass with its most frequently cited 'competitor' as a perennial herbaceous biomass producer, Miscanthus. Some of the costs in Table 14 for switchgrass in particular were not optimized. For example, we know of no data to suggest that Miscanthus should have a longer stand life than switchgrass, and the 13 Mg/ha projected yield for switchgrass is lower than some reports from the Midwest USA [114] .
In biorefineries of the future, switchgrass biomass would be broken down into sugars that can be fermented into ethanol. With an assumed conversion efficiency of 380 litres of ethanol/Mg biomass feedstock [75] , the low switchgrass yields reported could produce over Shelter Mean -------------------------------------------------Stand rating (0 to 10) 6 Harvested once (in November) or twice (mid-summer and November). CIR=Cave-in-Rock. 2000 litres ethanol/ha (Table 15) . Schmer et al. [96] projected yields of over 3000 litres of ethanol/ha on the slightly more productive farms in their study on the northern Great Plains, USA. As noted above, much higher yields of biomass are seen in some settings. A 15 Mg/ha yield of biomass would produce 5700 litres of ethanol/ha at the commonly cited 380 litres of ethanol/Mg biomass, and it should be noted that higher yields of ethanol (more litres of ethanol/Mg biomass) are being projected for some as yet unproven technologies.
------------------------------------------------------Yield (Mg/ha)-----------------------------------------------------
----------------------------------------------
Giant Miscanthus (MiscanthusÂgiganteus): a Subtropical Perennial with Potential in Temperate Areas
Giant miscanthus, which is usually referred to simply as 'miscanthus', is a perennial, warm-season grass showing great potential as a biomass crop. The Miscanthus genus includes several species, and giant miscanthus is a hybrid between M. sinensis and M. sacchariflorus [116] . Despite its subtropical origins and C 4 physiology, miscanthus appears to have good cold tolerance [117] . In various studies, the majority of which have been done in Europe, miscanthus has occasionally yielded >40 Mg/ha/yr [118] [119] [120] . On heavy clay soils in southwestern Germany, it produced 18 Mg/ha [121] . Work with miscanthus has been increasing steadily in the USA in the last few years, where comparisons are inevitably being made with switchgrass (Table 16 ) [118] . A potential drawback to miscanthus culture is that it must be propagated vegetatively via canes or rhizome cuttings, which complicates establishment (relative to a seeded species). Rhizomes should be planted approximately 20 cm deep and 0.9 m apart within rows and 0.9 m between rows (approximately 11 980 plants per ha) [120, 122] . Typically, full production can be expected by the second or third year [114, 119, 123] . Shoots can grow to >3 m by late spring and >4.5 m by the end of the growing season [124] . As a sterile hybrid, miscanthus does not produce seeds, but it may produce inflorescences in early autumn at higher latitudes [125] . It is supposed that replanting may be necessary after about 15 years [122, 126] , but truly long-term data are lacking.
Miscanthus has a relatively low requirement for nitrogen fertilizer because it can recycle nitrogen between No first harvest was taken.
http://www.cabi.org/cabreviews aboveground biomass and storage structures (rhizomes) belowground [127] . During establishment, fertilization is generally not recommended for the first two years, because it may encourage weed competition [128] . Fertilization with 56-78 kg nitrogen/ha/yr is recommended after establishment [128, 129] . Adequate water is necessary for successful miscanthus establishment and to optimize production. The crop requires about 60 cm of water per year to survive, but needs up to 100 cm annually to be highly productive [130] . Stems of miscanthus are typically harvested in winter when dormant [120] , although twiceannual harvests are possible as well (Table 16 ). If harvested during the growing season, it can be expected that higher rates of nitrogen would be required. Miscanthus has been examined for biopower generation. Its biomass has the desirable properties of low sulphur and ash content [131] (Table 17) . During its combustion, CO 2 emissions are equal to the net amount drawn from the atmosphere to accumulate the biomass. Thus, the process can be described as GHG-neutral [133] , but only if one ignores GHG that might be emitted during production as fuel is burned for operations or N 2 O might be emitted from the soil.
Miscanthus' potential as a feedstock for lignocellulosic ethanol hinges on finding a suitable technology for conversion, of course; but, with some assumptions about future technologies, estimates of various species potential as energy crops can be made. In such analyses, using maize to produce enough ethanol to offset 20% of US gasoline consumption would divert 25% of US cropland currently in production, while getting the same amount of ethanol from miscanthus would divert 9.3% [120, 134] . If such projections can be proven in the market place, miscanthus could help the USA to reach its target of replacing 30% of the gasoline it uses with biofuels by 2030 [114, 120] .
Eastern Gamagrass (Tripsacum dactyloides): A Cellulosic Candidate for Warmer, Temperate Settings
Eastern gamagrass is a native, warm-season, C 4 perennial with potential to produce large amounts of biomass in the southeastern USA. Eastern gamagrass occurs predominately as a diploid, but several other ploidy levels have been observed [135] . Gamagrass has a medium to erect growth habit with stems reaching up to 3 m [93] . It spreads by rhizomes and produces seed usually from July to September [136] . It is well adapted to areas with a rainfall of 90-125 cm [137] , being most productive in moist, moderately well drained, fertile soils, with textures ranging from sand to clay and pH from 5.5 to 7.5 [138] . It is also adapted to poorly drained soils, but it has a low salt and shade tolerance [139, 140] .
Eastern gamagrass has a good growth potential that allows for multiple harvests during the growing season, but too frequent harvests may reduce yields -at least in some locations. Three and four harvests have produced an average seasonal yield of 17.5 Mg/ha [141] , but annual yields of 9.9, 12.3 and 14.8 Mg/ha were seen when harvesting at 30-, 45-and 60-day intervals, respectively [142] . In one study, harvesting at 45-day intervals produced 14.1 Mg/ha/yr [143] , and similar annual yields were reported in another study when harvesting once or twice a year (Table 18 ); but higher yields and changes in quality (nitrogen and ash content) were observed with a two-cut system at one location (Table 18 ). Different cultivars also produced different yield responses across different environments, with annual yields ranging from 3.1 to 17.7 Mg/ha (Table 19) .
Nitrogen fertilization is important for increasing biomass production of eastern gamagrass [145] . It has been shown to respond linearly to nitrogen applications of up to 336 kg/ha when harvested at 42-day intervals [139, 146] . In another study, nitrogen applications of 280 kg/ha produced yields of 15 Mg/ha [142] . Such nitrogen rates may be uneconomical if the biomass is to be used for biofuel production, however.
Several cultivars of eastern gamagrass have been developed for forage production, but not much selection has focused on the species' potential as an energy crop [147] . Most cultivars provide excellent yields [141, [147] [148] [149] [150] ; however, Pete exhibits lower vigour and reduced yields in the southern USA (Table 20 ) [142] . Northern cultivars, such as Pete, do not utilize the full growing season when moved south, making them less productive, and perhaps more susceptible to disease [151] . Tetraploid genotypes of eastern gamagrass are more robust and capable of producing higher yields than diploids in the southern USA [152] .
Eastern gamagrass has many desirable characteristics that warrant further investigation as a biofuel crop in the southern USA. Some of those characteristics include persistence, adaptation to soils and climate, high yield potential, non-invasiveness and utilization of conventional row equipment for planting and harvesting [153, 154] . Some of the problems associated with eastern gamagrass include difficulty with establishment, poor seed production (resulting in high seed cost) and possibly maize-like nitrogen requirements. Reed canarygrass is a somewhat coarse and erect coolseason, C 3 , perennial grass with potential as an energy crop. At present, it is most commonly used for forage purposes in the northern tier of the USA and in southern Canada [155, 156] . It can reach a height of 1.5-2.0 m [157] . It is well adapted to wet soil conditions, tolerates flooding and displays good winter hardiness [93, 158] . Yields are typically greater on soils with < 15% clay [156] . It is considered a native species in North America, but a Eurasian ecotype has been introduced for forage purposes; and that type, which is essentially indistinguishable from native types, can be invasive in native wetlands [157] . In the USA, reed canarygrass has been evaluated primarily as a forage crop [155] . In Iowa, which should be representative of the species' broader area of adaptation, yields averaged 4-10 Mg/ha (Table 21 ). In Sweden, where it has been more extensively evaluated as a bioenergy crop, yields averaged 8.2 Mg/ha with a fall harvest and 6.8 Mg/ha with a next-spring harvest [160, 161] .
As with several of the other species being considered for energy crops, reed canarygrass can be slow to establish, and yields are typically low in the seeding year. Once established, it requires only modest fertilization. Some evidence exists for an efficient internal nitrogen recycling mechanism from shoots to roots [162] . Recommended rates are 40 kg nitrogen/ha in the seeding year and 100 kg/ha in subsequent years [156, 163] . Field trials that produced biomass yields of 8.6 Mg/ha at two locations over 5 years used 140 kg nitrogen/ha/yr [159] . In European studies, the net energy gain of reed canarygrass biomass was 3.8-4.5 MJ/Mg [164, 165] . Fuel quality for biopower has been reported with values of 17.5 kJ/g, 105 g ash/kg and 4.2 g chloride/kg (Table 22 ) [159] . In the same study, delaying harvest until winter increased ash content, and carbon and energy content were not affected by harvest frequency. Christian et al. [166] also reported that nitrogen concentration was not reduced among different genotypes with delayed harvest, while reduction of phosphorus concentration was variable and potassium concentration was reduced by 54%.
Reed canarygrass' potential as an energy crop stems from its dry matter content at harvest (>85%), its sustainable productivity over many years ( < 10 years), its low Bellevue  404  79  113  325  45  184  335  588  Common  402  79  113  323  43  185  344  587  PSC1142  405  80  119  325  41  181  338  586  Palaton  410  80  111  330  44  185  339  595  Rival  405  79  112  326  46  184  343  589  Vantage  404  80  114  324  46  183  337  587  Venture  409  80  109  329  44  183  340  592  Mean  406  80  113  326  44  183  339  589   1 IVMDM, in vitro dry matter digestibility; NDF, neutral detergent fibre; ADF, acid detergent fibre; ADL, acid detergent lignin; CP, crude protein; Hemicellulose, NDF-ADF; Cellulose, ADF-ADL. The proximate analysis gives moisture content, volatile matter (when heated to 950 C), the free carbon remaining at that point, the ash (mineral) in the sample and the high heating value (HHV) based on the complete combustion of the sample to carbon dioxide and liquid water. VL=volatile matter; FC=fixed carbon; EC=energy content. nutrient requirements (low production costs), and its favourable yields [163] . One disadvantage as a biopower source is the high ash and silica content of the biomass coupled with the low energy density, which can greatly influence the combustion process. Biofuel quality could be improved through the selection of genotypes with relatively high cell wall content, and lines have been identified with such characteristics [159] (Table 23 ).
Giant Reed (or Fibre Cane) (Arundo donax): Another Cellulosic Energy Crop Candidate for Warm, Temperate Regions Giant reed is also called fibre cane. It is a fast-growing, C 3 , perennial grass that is native to southern Europe but has become established in many other countries [167] . It is grown as an ornamental, and it is commercially produced as a source of reeds for musical instruments. It has also been studied for paper and pulp applications [168] . Plants are bamboo-like, having hollow stems that may reach 3-5 m and produce large inflourescences but no viable seeds [167] . Giant reed can grow in a range of soils, from heavy clays to sands [169] , but it is most productive in well-drained soils with abundant moisture. In the southern USA, it can grow 0.3-0.7 m per week [167] . Giant reed is classified as a noxious weed or invasive species in many states within the USA [170] . This designation arises from problems encountered when rhizomes have escaped -usually by flooding and washing -from ornamental plantings or production fields and become established on riverbanks and wetland areas, where it can out-compete native vegetation and spread rapidly downstream [171] .
Because giant reed produces no viable seeds, establishment must be by propagation from vegetative material, such as shoots or rhizomes [172] . The establishment period is a critical point in giant reed cultivation and has major influence on productivity and economic viability. Yields typically increase from the first through the fourth year after establishment [173, 174] . Establishment and harvesting can be accomplished with the same equipment used for sugarcane production. Nitrogen fertilization recommendations are 40-60 kg/ha/yr [172] .
Stems, which are highly lignocellulosic, constitute the largest part of giant reed's biomass; and biomass yields of mature stands can range from 27 to 57 Mg/ha, with one report of 90 Mg/ha under irrigation [126] . Annual yield in the Southeast USA on 5-year-old test plots was 44 Mg/ha [172] . The caloric value of giant reed can range from 17.3 to 18.8 kJ/g for stems and from 14.8 to 18.2 kJ/g for leaves, depending on the growing conditions [175] . With such yields and with a biomass energy content that equals other candidate species, fibre cane has obvious potential as a cellulosic energy crop. If bioenergy systems can be developed to take advantage of its great productivity, and if the species' potential for invasiveness can be properly managed, fibre cane could become a very valuable biofuel feedstock.
Conclusions
Biofuel systems employing energy crops can provide for energy diversification. Herbaceous energy crops have seen a surge in interest in recent years because they provide opportunities for reducing dependence on fossil fuels. Conventional row crops, such as maize, are currently serving as biofuel feedstocks, but they have inherent weaknesses [20, 134] . They require large annual inputs of energy (and emissions of GHG) in planting and fertilization [176, 177] , and using grain (food and feed) for fuel has economic and ethical repercussions for many.
Technology to convert cellulosic biomass into ethanol is perhaps nearing a commercial stage, although we will not know until a large-scale plant turns a profit. The prize will be large. Agriculture has an immense capacity to produce energy. Before sustainable biofuel systems can be deployed, however, challenges have to be met. Some of those challenges include resolving issues of economy of scale, developing infrastructure and providing appropriate incentives.
A successful biofuel strategy would involve identification of land base, choice of suitable species and development of management practices for sustainable production of biomass. Rather than competing with traditional row crops, biomass crops would be established on marginal or surplus lands -as long as such lands can be managed sustainably for biomass production [2, 32] . Also needed are breeding programmes that focus on increased biomass yield, increased stress tolerances, improved biomass quality (conversion efficiency) and other traits suited to a species and region. As biomass energy technologies continue to develop, herbaceous energy crops hold the potential to become a major component of the global energy mix. Although none of the species described in this review is a 'one-sizefits-all' bioenergy feedstock, several of them have the potential to be grown as a productive feedstock in many locations.
